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Science, medicine, and the future
Healing chronic wounds
K G Harding, H L Morris, G K Patel

New physical, pharmacological, biological, and surgical treatments offer the possibility of tailor
made therapy

Chronic wounds represent a major health burden and
drain on resources. Recent advances in our understand-
ing of chronic wound biology have led to the
development of several new treatments that offer
renewed hope to patients with ulcers and other chronic
wounds. Defining the role of these new treatment, in the
context of the increasing number of patients with
chronic wounds, represents the next challenge. This
review describes our view of the current and future
developments in chronic wound management.

Methods
The material presented in this article has been
compiled from the published literature (located by
searching Medline, PubMed, Embase, and Zetoc with
the search terms “wound healing,” “treatment and
venous leg,” “treatment and diabetic foot,” and
“treatment and pressure ulcer”) presentations at inter-
national meetings, and our own 30 years of clinical
experience managing acute and chronic wounds.

The clinical burden of wounds
The management of chronic wounds places an
enormous drain on healthcare resources; studies have
calculated the cost of wounds to the NHS to be about
£1bn a year.1 In the United Kingdom around 24 000
admissions a year are for patients with diabetic foot
ulceration, thereby costing the NHS some £17m.2 Foot
ulceration is the commonest complication of diabetes
that requires hospitalisation, and in the United States
management of this problem is estimated to cost
$150m a year.3 Venous leg ulceration costs an
estimated £400m annually in the United Kingdom,4

most of this cost being for dressings and community
nurse visits. The cost of treating pressure ulceration,
some of which may have been prevented from arising,
was estimated to be £300m over 10 years ago.5 These
sums show only the direct costs and do not reflect the
frustration, economic loss, and impaired quality of life
experienced by patients with chronic ulcers.

Biology of skin healing
Wound healing involves a complex interaction
between epidermal and dermal cells, the extracellular

matrix, controlled angiogenesis, and plasma derived
proteins—all coordinated by an array of cytokines and
growth factors. This dynamic process is classically, but
somewhat artificially, divided into three overlapping
phases—inflammation, proliferation, and remodelling.
Thrombus formation—which requires interaction
between endothelial cells, platelets, and coagulation
factors—achieves haemostasis after tissue injury.
Trapped cells within the clot, predominantly platelets,
trigger an inflammatory response by the release of
vasodilators and chemoattractants and activation of
the complement cascade.6

Inflammation—In the early phase of inflammation
neutrophils predominate, removing bacteria and other
foreign material from the wound by releasing enzymes
and by phagocytosis. Later in the inflammatory phase
neutrophils reduce in number and are replaced by
macrophages. Interest has focused on the role of mac-
rophages in coordinating the transition from inflam-
mation to proliferation through the release of soluble
mediators, which include platelet derived growth
factor, tumour necrosis factor á, transforming growth
factor â, and insulin growth factor 1.7

Proliferation—Fibroblasts are the key cells involved in
the production of the extracellular matrix. In addition to
producing collagen, they produce tenascin, fibronectin,
and proteoglycans such as hyaluronic acid. Production
of extracellular matrix is seen clinically as formation of
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granulation tissue. The combination of new tissue and
contraction of surrounding tissues is essential for the
healing of ulcers.8 While new matrix is synthesised, exist-
ing matrix in and around the wound margin is degraded
by several enzyme systems such as matrix metalloprotei-
nases and plasminogen activators. Research interest has
centred on the role of the metalloproteinases, a family of
over 14 enzymes with proteolytic activity. The effect of
these enzymes is regulated by tissue inhibitors, which are
believed to be important in healing by preventing exces-
sive matrix degradation.9 While some keratinocytes at
the wound edge proliferate, others undergo a marked
transformation to enable them to phagocytose debris
and migrate across the wound bed. Keratinocyte migra-
tion coupled with wound contraction results in
re-epithelialisation and wound closure.

Remodelling—Once closure of the wound has been
achieved, remodelling of the resulting scar takes places
over months or years, with a reduction of both cell
content and blood flow in the scar tissue.

This superficial description of wound healing con-
veys some of the complexity of this biological process
and shows the potential for modification in patients’
with healing difficulties (fig 1).10

Why do some wounds fail to heal?
Many factors can impair healing. Local factors include
the presence of foreign bodies, tissue maceration,
ischaemia, and infection. Systemic factors as diverse as
advanced age, malnutrition, diabetes, and renal disease
may be important. It is important to quantify the
impact of disease states on healing and to target
specific treatments to correct the abnormality in
individual patients. Although good clinical practice
should aim to remove or reduce the impact of these
factors, it is not always possible to do so.

In addition to local and systemic factors that impair
healing, reduction in tissue growth factors, an
imbalance between proteolytic enzymes and their
inhibitors, and the presence of senescent cells seem to
be particularly important in chronic wounds.

Reduced levels of active growth factors in the wound
environment may partly explain why certain wounds
fail to heal. Chronic ulcers are known to have reduced
levels of platelet derived growth factor, basic fibroblast
growth factor, epidermal growth factor, and transform-
ing growth factor â compared with acute wounds.11 It
has been suggested that growth factors may become
trapped by extracellular matrix molecules12 or may be
degraded by proteases to an excessive degree,13 result-
ing in non-healing.

Imbalance between proteinases and their inhibitors—
Excessive proteinase activity in chronic wounds,
probably from overexpression of matrix metallopro-
teins, results in abnormal degradation of the extracel-
lular matrix. Many new treatment strategies are
directed at modifying the imbalance—by the topical
application of proteinase inhibitors, by inducing the
expression of endogenous inhibitors, or by combining
proteinase inhibitors with growth factors.13

Senescent cells—Dermal fibroblasts have an age related
decrease in proliferation potential, called senescence.14

Fibroblasts in chronic wounds have impaired respon-
siveness to growth hormone, which may be due to an
increased number of senescent cells.15 16

New approaches
Basic care
There is a role for pressure relief by good nursing care
and the use of mattresses and cushions in patients with
pressure ulceration.17 Similarly, regular debridement of
callus, nail care, and pressure offloading footwear are
fundamental to the care of foot disease from diabetic
neuropathy.18 Use of compression bandages and stock-
ings is an essential and effective component to manag-
ing venous ulceration.19 These basic tenets of wound
care should underpin all new treatments.

Dressings
A major focus of chronic wound care in recent years
has been the development of dressings that promote a
moist environment to assist healing. Winter showed in
an animal model that re-epithelialisation of a partial
thickness acute wound proceeded 1.5 times more rap-
idly if the wound was occluded.20 Occlusive dressings
have not shown such dramatic effects in clinical studies
on patients with chronic wounds, but they may still
benefit patients by reducing pain and by improving
convenience of use and cost effectiveness. Advances in
dressing technology have not yet resulted in the devel-
opment of materials that correct abnormalities in the
healing cascade, with the exception of dressings
containing hyaluronic acid, which specifically pro-
motes healing (L Miller et al, 5th European conference
on advances in wound management, Harrogate, 1995).

Topical growth factors
The normal function of growth factors is to attract
various cell types into the wound, stimulate cellular
proliferation, promote angiogenesis, and regulate syn-
thesis and degradation of extracellular matrix (table 1).
Clinical results from topical application of growth fac-
tors to chronic wounds have not been as dramatic as
first hoped. This is unsurprising when one considers
the complexity of the wound healing process.

To date, only platelet derived growth factor has been
licensed for use, for treating non-infected foot ulcers up
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Fig 1 Fundamental interrelation of the wound healing phases—
inflammation (blue), proliferation (green), and tissue remodelling
(yellow). The inflammatory phase is thought to coordinate wound
healing, but we do not understand the true complexities of the
process10
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to 5 cm2 in diabetic patients (becaplermin, Regranex).
Research studies have shown that it also has some value
in treating pressure ulcers.21 Although not yet licensed,
granulocyte colony stimulating factor has been evalu-
ated for treating infected foot ulcers in diabetic patients
and was associated with more rapid resolution of celluli-
tis and decreased antibiotic requirements.22 Further-
more, fibroblast growth factor has been assessed for
treating pressure ulcers,23 and epidermal growth factor
used for venous leg ulceration.24

In the future growth factors may be administered
sequentially, in combination, or at timed intervals to
more closely mimic the normal healing process. The
diversity of growth factors and types of chronic wound
suggest that these factors have potential as new
treatments if patients’ individual requirements can be
identified.

Autologous skin grafts
Venous leg ulcers have been successfully treated by
autologous skin grafting (using a patient’s own skin),
using split thickness and pinch skin grafting tech-
niques. For successful management of pressure ulcers,
both cutaneous and subcutaneous tissues need to be
grafted, particularly over bony prominences. This is
best achieved by fasciocutaneous or musculocutaneous
flap surgery.

Bioengineered skin equivalents
Twenty years ago cultured epidermal autografts, in
which a small skin biopsy is cultured to produce large
epidermal sheets, were developed to treat patients with

extensive burns. Unfortunately, these have had only
limited success, because of the time taken to produce
sufficient amounts of skin for grafting, graft fragility,
difficulty in application, poor rate of uptake, and the
frequent occurrence of infection.25

However, the potential benefit of this technology
was evident and led to the development of skin equiva-
lents, in which donor tissue with limited immunogenic-
ity is used. There are now several commercially
available products. Alloderm is a dermal matrix
without immunogenic cells, whereas Integra is a com-
bination of dermal fibroblasts and bovine collagen.
Dermagraft consists of non-immunogenic neonatal
fibroblast cultured on a polyglactin mesh and has been
used to treat burns26 and diabetic foot ulcers27 (fig 2).
Apligraf contains both epidermal and dermal compo-
nents and has been used to treat diabetic foot ulcers28

and venous leg ulcers29 (fig 3). All of these products
have been used to treat burns.

Bioengineered skin replacements are absorbed
into the wound bed and are thought to exert their
effect on chronic ulcers, at least in part, by altering the
profile of cytokines within the chronic wound, though
the exact mode of action is unknown. Table 2 shows
currently available skin replacements.

Future developments
There is a strong theoretical basis to justify the further
development and clinical evaluation of proteinase
inhibitors as a means of improving healing of chronic
ulcers. In the near future gene therapy may allow genes
important in healing to be delivered directly into a
wound. Interest is presently focused on vascular
endothelial growth factor, a key component in the pro-

Table 1 Examples of growth factors involved in healing

Growth factor or cytokine Effect on wound Current status

Transforming growth factor â Re-epithelialisation Initial studies in venous ulcers encouraging

Neovascularisation

Increased granulation tissue
and collagen

Reduced scar formation

Platelet derived growth factor Re-epithelialisation Licensed for the treatment of neuropathic
diabetic foot ulcers

Neovascularisation

Increased granulation tissue
and collagen

Fibroblast growth factor Re-epithelialisation Biological effects in pressure ulcers

Neovascularisation of a
provisional matrix

No effect on diabetic or venous ulcers
demonstrated to date

Interleukin 1 â Healing of infected wounds Currently under trial for pressure ulcers

Granulocyte macrophage-colony
stimulating factor

Improved healing in acute
wounds

Pilot studies in infected diabetic foot
ulcers encouraging

Table 2 Currently available skin substitutes

Type of skin substitute Composition Current status

Epidermal Cultured autologous epidermal cells Used for severe burn injuries

Cultured allogeneic epidermal cells Used for severe burn injuries

Dermal:

Alloderm Acellular allogeneic human skin Approved for treating burns

Integra Bovine collagen with chondroitin
6{sulfate

Approved for treating burns

Dermagraft-TC Fibroblasts on nylon mesh In clinical trials for treating
diabetic foot ulceration

Combined epidermal and dermal:

Apligraf Bovine collagen, allogeneic
fibroblasts, and epidermal cells

Licensed for treating diabetic foot
ulcers and venous leg ulcers

Composite Cultured Skin Collagen matrix substrate with
fibroblasts and epidermal cells

In trials

Fig 2 Dermagraft—non-immunogenic neonatal fibroblasts cultured
on a polyglactin mesh—is being investigated for treating diabetic
foot ulcers. The dressing is stored frozen, and, after warming in a
saline bath, the edges are trimmed (top) so that when it is applied to
the wound it lies within the ulcer boundary (bottom)
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motion of angiogenesis.30 Another potential treatment
lies in the development of skin equivalents from
embryonic stem cells. However, the ethical implications
of using such technology will first have to be addressed.

Future developments will depend very much on
public and professional support for further research.
One of the major barriers to effective wound care is the
lack of interest and enthusiasm shown by many
clinicians for this subject. Provision of an effective serv-
ice for patients with wound problems requires the skills
of many specialties. It is unimportant who is in charge
of such patients, but that person must have an interest
in the subject and have access to a wide range of inter-
ventions, including physical, pharmacological, biologi-
cal, and surgical options. The real challenge for the
future is to select appropriate interventions for each
patient. This can be achieved only by developing
appropriate clinical services and undertaking more
high quality basic and clinical research in this
important but neglected subject.
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Additional educational resources
• European Pressure Ulcer Advisory Panel www.epuap.org
• Wound Healing Society www.woundheal.org
• European Tissue Repair Society www.etrs.org
• Australian Wound Management Association www.awma.com.au
• European Wound Management Association www.ewma.com
• UK Wound Care Society www.woundcaresociety.org
• UK Tissue Viability Society www.tvs.org.uk
• Leaper DJ, Harding KG, eds. Wounds: biology and management. Oxford:
Oxford University Press, 1998
• Boulton AJM, Connor H, Cavanagh PR. The foot in diabetes. Chichester:
Wiley, 2000
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Fig 3 Apligraf—a bilayered skin equivalent containing newborn
dermal fibroblasts in a bovine collagen matrix with overlying
epidermal cells—is currently licensed to treat venous leg ulcers and
diabetic foot ulcers. It comes frozen lying on a culture gel (top).
Small slits are made in it, after which it is trimmed and laid onto the
wound surface so that the edges overlie the ulcer edge (bottom)
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